Abstract Open joints have significantly different effects on stress wave propagation across them as compared to closed and filled joints. In the present study, a theoretical model is developed based on the analysis of interaction process between stress waves and a single open joint. The analytical solutions to the energy transmission coefficient are mathematically derived for stress waves across an open joint. Parametric studies are conducted to evaluate the effects of various parameters on the energy transmission coefficient. It is found that the energy transmission coefficient follows a similar trend for all types of stress waves, but stress waves with different waveforms have different values. The energy transmission coefficient increases with the increase in the wave amplitude and duration, but decreases with the gap width. It also increases at the outset, and then decreases gradually with the increase in the incident angle for rectangle, symmetric triangle and ascending triangle waves, but it decreases with the incident angle for sine and descending triangle waves. Furthermore, different-shaped stress waves have different critical gap widths for wave transmission. The optimal incident angle and the critical gap width increase as the wave duration increases, but the critical stress amplitude decreases.
Introduction
As is well known, nearly all natural rock masses contain joints and bedding planes. When a wave propagates in jointed rock masses, the presence of discontinuities can influence significantly the passage of stress waves and attenuation, because of reflection and refraction of stress waves across these joints. Therefore, the knowledge of wave propagation across rock joints is critical for rock engineers to assess the stability of underground structures in rock masses subjected to dynamic loads such as blasts and earthquakes.
The effects of discontinuities on stress wave propagation are quite complicated and dependent on the properties of the particular joints. These joints vary in the extent to which they are open or filled with materials of different properties. Recently, the effects of closed joints on wave propagation have been studied using displacement discontinuity model. These studies assumed no loss in stress and the discontinuous displacement when passing through either the linear or nonlinear joints. Many results have been obtained (Schoenberg 1980; Pyrak-Nolte et al. 1990 , 1996 Zhao and Cai 2001; Wang et al. 2006; Yu et al. 2009; Li et al. 2011) . Wave propagation across multiple joints becomes complicated due to multiple wave reflections among joints. The method of characteristics was used to study P-wave attenuation across either linear or nonlinear multiple fractures (Cai and Zhao 2000; Zhao et al. 2006a, b) . Since natural joints are often filled with materials of different properties from the rock mass, wave propagation across a single filled joint and multiple filled joints has also been examined for different situations Ma 2009, Li et al. 2010; Zhu et al. 2012) . Recently, the layered medium model was proposed for wave propagation across filled joints with the assumption that both the displacements and stresses are continuous across the interface of two media (Li et al. 2013 (Li et al. , 2014 .
In reality, open joints do exist in natural rock masses, but studies of wave propagation across open joints are relatively limited. Fourney et al. (1997a) conducted a series of model tests and numerical computations to investigate the effect of open gaps on the stress waves that can be transmitted across them. They revealed that there was a significant difference in the effects that open gaps and the closed and filled joints have on wave propagation (Fourney et al. 1997b) . Since most of the previous researches focused on the effects of closed and filled joints on wave propagation, the influences of open joints on wave propagation are less studied and less well understood. Therefore, there is a clear need to study the effects of open joints on stress wave propagation.
The aim of this paper is to investigate the effects of a single open joint on the transmitted energy of stress waves propagating in the rock masses. First, the interaction process of stress waves with a single open joint is analysed, and the analytical model of stress wave propagation across a single open joint is derived. Parametric studies are then conducted to evaluate the effects of various wave and gap parameters on the energy transmission coefficient. The results obtained in this paper provide a better understanding of stress wave propagation in the rock masses with open joints.
Interaction process between stress waves and an open joint
The physical process of a stress wave propagating across an open joint is illustrated in Fig. 1 . It should be noted that in this study, without loss of generality, a triangular stress wave is adopted in the analysis. incident wave cannot be transmitted to the right joint wall. On the other hand, if the incident stress wave is large enough to force the left joint wall to move towards the right and close the gap, the incident wave will be reflected and refracted, similar to reflection and transmission of stress waves at an interface between two media. This, however, also depends on how fast the gap will be closed. If the time required for the gap to close is equal to or greater than the duration of the stress wave, the stress wave could not pass through the open joint either.
3 Theoretical model of stress wave propagation across an open joint
As mentioned above, the interactive process of stress wave propagation across an open joint can be divided into two stages: one is the free reflection stage, and the other is the transmission stage. Impinged by the incident waves, the left joint wall will move towards the right to possibly make the gap close. Before the gap is closed, only a reflected P-wave and a reflected S-wave are produced without transmitted waves, and this process is designated as the free reflection stage. Once the gap closes, part of the incident wave will be reflected and part transmitted at the contact interface of joint walls; this is called the transmission stage in this study.
Free reflection stage
At the free reflection stage, an obliquely incident P-wave will produce the reflected P-wave and reflected S-wave without refracted waves, as shown in Fig. 2 . In Fig. 2 , a 1 is the incident angle of the obliquely incident P-wave; a 2 is the reflection angle of the reflected P-wave; b 2 is the reflection angle of the reflected S-wave; q 1 , C 1 and C 2 represent the density of medium 1, the P-wave velocity and the S-wave velocity in medium 1, respectively; q 2 , C 0 1 and C 0 2 represent the density of medium 2, the P-wave velocity and S-wave velocity in medium 2, respectively; and gap width is denoted as r. Wave impedance of medium can be calculated by
where q is the medium density and C is the P-wave velocity in the medium. Suppose that a stress pulse of short duration travels to the right, the wavefront arrives at the left joint wall AA' at a time t 0 . After the time duration elapses, the pulse will end at time t 2 , which is called the terminal time in this study. The duration of the wave s is expressed as
According to the elastic wave theory, the normal displacement of the left joint wall can be calculated as
where V r I , V r R and V s R are the particle velocities of the left joint wall produced by the incident P-wave, reflected P-wave and reflected S-wave, respectively. According to the conservation of momentum of the wave fronts, the velocities can be written as
where r I , r R ands R are the stresses produced by the incident P-wave, reflected P-wave and reflected S-wave, respectively. Based on the reflection of stress waves at a free boundary, there are By the Snell's law, there are
Substituting Eqs. (4) to (8) into Eq. (3), the normal displacement of the left joint wall can be written as
In Eq. (9), let
and one can solve the time required for the gap to close t 1 . If t 1 is greater than or equal to t 2 , the gap cannot be closed by the stress wave loading, so the incident wave could not transmit across the gap. If t 1 is less than t 2 , the gap can be closed entirely, and consequently the incident wave can transmit across the closed gap between the time t 1 and t 2 .
Transmission stage
As mentioned above, if t 1 is less than t 2 , the gap can be closed. Before t 1 , the incident wave is completely reflected by the gap, and then wave refraction and reflection occur at the closed joint after t 1 . For simplicity, two assumptions are made in the following derivation: (1) the joint remains completely closed between the time t 1 and t 2 ; (2) two walls in contact cannot slip relative to each other, so the stress and displacement on the two joint walls are continuous after the joint gap is closed. Figure 3 shows the refraction and reflection of an obliquely incident P-wave across the closed joint. The refraction angle of the transmitted P-wave is denoted as a 3 , and the refraction angle of the transmitted S-wave is denoted as b 3 . Neglecting the loss in the kinetic energy when the joint closes, the total energy of incident Pwave E I is divided into two parts: one is the incident energy during the period t 0 to t 1 , denoted as E I1 , and E I1 is reflected completely; the other is the incident energy during the period t 1 to t 2 , denoted by E I2 . A part of the energy E I2 is reflected, denoted as E I2R , and the other part of E I2 is transmitted across the joint, denoted by E I2T .
The energy of stress waves can be calculated through
The transmitted energy E I2T can be calculated from the reference (Ewing et al. 1957 ) as
where A 0 A 1 is the ratio of displacement amplitude of the transmitted P-wave to that of incident P-wave, and B 0 A 1 is the ratio of displacement amplitude of the transmitted S-wave to that of incident P-wave. It can be derived that (Ewing et al. 1957 The energy transmission coefficient is defined as
Substituting Eq. (14) into Eq. (15) and from Eq. (18), one can obtain the following equation:
It should be noted that although a triangular wave is used to illustrate the wave interaction process with an open joint, the above derivation is independent of the waveform. Therefore, if the stress wave function is given, the energy transmission coefficient g can be obtained from Eqs. (5) to (19). In the present study, a computer code is developed to calculate the energy transmission coefficient g for parametric analysis.
Energy transmission coefficients of different-shaped stress waves
In rock blasting operations, different charge structures result in different waveforms of stress waves. The attenuation characteristics of stress waves with different waveforms across an open joint will be discussed below.
Five types of waveforms and their Fourier series expansions
The actual stress waveforms induced by rock blasting are usually very complex. However, in engineering practice, usually they are simplified for efficient analysis. Without losing generality, in this study, five simplified waveforms are considered, which cover the most commonly used waveforms in practice. Figure 4 shows the five waveforms of stress waves: rectangular, sine, symmetric triangle, descending triangle, and ascending triangle waveforms, which are expressed by mathematical functions as follows. For rectangle wave, 
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For descending triangle wave,
For ascending triangle wave,
where s is the duration, r 0 is the stress amplitude, t represents the time, and r represents the stress. These waveforms can be expressed as summations of a series of sine waves through Fourier transform. The Fourier series expansions of these wave functions except sine wave are as follows.
For rectangle wave,
For symmetric triangle wave, 
So one can break up an arbitrary waveform into a set of simple harmonic terms that can be solved individually using the above model in Sect. 3, and then recombined to obtain the solution to a stress wave with arbitrary waveform across an open joint. The above five waveforms are considered in the numerical calculations to investigate the influences of open joints on stress wave propagation. In this study, the following parameters listed in Table 1 are used in the calculations.
Effect of stress amplitude on the energy transmission coefficient
Figure 5 plots the energy transmission coefficient g against the wave amplitude r 0 for a 1 ¼ 30 and r ¼ 0:01 mm. As shown, the energy transmission coefficient g increases with the increasing amplitude ranging from 0.1 to 10 MPa for all stress waves. This is because the higher stress amplitudes shorten the time for the gap to close up, and therefore extend the transmission duration; thus, the percentage of the transmitted energy increases. As shown, the energy transmission coefficient g is equal to 0 when the amplitude is less than the critical amplitude, indicating that the gap cannot be closed at these cases. When the wave amplitude changes near the critical amplitude, the energy transmission coefficient g increases sharply, and gradually stabilizes, implying that the gap is closed quickly so that it acts as a closed gap to the stress wave with certain energy being transmitted and certain reflected depending on the properties of the rock mass on the two sides of the gap. Stress waves with different waveforms have different thresholds of wave amplitudes for energy transmission, of which the threshold of sine wave is the maximum; the threshold of the rectangle wave is the minimum and those of triangle waves in between. Since the rectangular waveform has the largest impulse among the five waveforms with the same amplitude and duration, it is understandable that it closes the gap faster, and hence results in more wave energy to be transmitted. However, the impulse of sine waveform is larger than triangular waveforms, but the required stress wave amplitude is the largest to close the gap, and the amount of energy that can be transmitted is also less than that of the descending triangular waveform until the wave amplitude is larger than about 2 MPa, implying that the amount of wave energy that will be transmitted not only depends on the wave impulse, but also on the waveforms and properties of the rock mass and gap width. Figure 6 shows the energy transmission coefficient as a function of incident angle ranging from 0°to 90°for r 0 ¼ 5 MPa, and r ¼ 0:01 mm. As shown, the energy transmission coefficient g increases with the incident angle at the outset, and then reaches the peak and finally decreases with the incident angle a for rectangle, symmetric triangle and ascending triangle wave; but it decreases with the incident angle for sine and descending triangle wave, indicating that there exists an incident angle which makes the energy transmission coefficient the maximum. When the energy transmission coefficient has the largest value, the corresponding incident angle is defined as the optimal incident angle, denoted by a opt . Influential factors of the optimal incident angle are the wave type, the stress amplitude, gap width and the impedance ratio of the two media.
Effect of incident angle on the energy transmission coefficient
4.4 Effect of gap width on the energy transmission coefficient Figure 7 shows the energy transmission coefficient as a function of the gap width r ranging from 0.001 to 0.4 mm when the incident angle is a 1 ¼ 30 and the stress wave amplitude r 0 ¼ 5 MPa. As shown, the energy transmission coefficient g decreases with the increases in gap width r for all stress waves. There is a critical gap width, which depends on the wave intensity, that if the gap width is larger than the critical width, no wave energy will be transmitted because the incident wave is not strong enough to close the gap. As shown again in Fig. 7 , the rectangular waveform is the strongest with the critical joint gap width of 0.31 mm and the sine waveform is the weakest with the critical gap width about 0.1 mm. For all the wave forms considered, the energy transmission coefficients g almost decrease linearly with the joint gap width.
Effect of wave impedance on the energy transmission coefficient
As is well known, the wave impedance of a material has a significant effect on wave propagation. The influence of wave impedance on the energy transmission coefficient through an open joint is also discussed below. In the following calculations, only the sine waveform is considered, and the values of other parameters are the same as the above, except that the P-wave velocity in medium 2 is varied from 2,700 and 4,500 m/s to 7,500 m/s, respectively, and the corresponding wave impedance changes accordingly. When C 0 1 is greater than C 1 , if the incident angle a is greater than the critical angle, denoted as a c , total reflection can occur, and the emergence angle of the transmitted wave is no longer real-valued, which will not be discussed in this study. For the three cases considered, when P-wave velocity is 7,500 m/s, there is 0\a\a c . By the Snell's law
one can obtain the critical angle a c as 36.9°for the case with P-wave velocity 7,500 m/s. Figures 8, 9 and 10 show the energy transmission coefficient of the sine wave versus the stress amplitude, the incident angle and the gap width, respectively, under the conditions of different wave impedances. As shown, with the other parameters the same, the energy transmission coefficient is the maximum when the wave impedances are equal, but the wave impedance of medium 2 has little effect on the critical stress amplitude, the critical gap width and the optimal incident angle a opt . Figures 11, 12 and 13 show the energy transmission coefficient of the sine wave with different durations versus the stress amplitude, the incident angle and the gap width, respectively. As shown in Fig. 11 , the energy transmission coefficient increases with the wave duration s.
As shown in Fig. 12 , the energy transmission coefficient decreases with the incident angle, but increases with the wave duration for the given incident angle.
As shown in Fig. 13 , the energy transmission coefficient decreases with the gap width, but for a given gap width, it increases with the wave duration. Therefore, the critical gap width increases as the wave duration is longer.
The above results demonstrate that increasing the wave duration results in an increase in wave energy transmission irrespective of the other wave and gap parameters. This is expected because wave energy will be transmitted once the gap is closed. Increasing the wave duration will allow more wave energy to be transmitted.
Conclusions
Based on the above results and discussions, the following conclusions can be drawn:
1. The energy transmission coefficient increases with the increase in the stress wave amplitude, but decreases with the joint gap width. Stress waves with different waveforms have different values. 2. The energy transmission coefficient increases at the outset, and then decreases gradually with the increase in the incident angle for rectangle, symmetric triangle and ascending triangle waves, but it decreases with the incident angle for sine and descending triangle waves. There exists an optimal incident angle to make the energy transmission coefficient the largest. The optimal incident angle depends on several factors such as the wave amplitude, the gap width and the wave impedance ratio. 3. Different-shaped stress waves have different critical gap widths. The rectangle wave has the largest critical gap width; the sine wave has the smallest critical gap width, and the critical gap width for the triangle waves is in between under the condition that wave amplitude, duration and the incident angle are the same. If the joint gap is wider than the critical gap width, the incident wave is not strong enough to close the gap, and therefore no wave energy will be transmitted across the open joint. 4. The energy transmission coefficient increases with the stress wave duration. The optimal incident angle and the critical gap width increase with wave duration. But the critical stress amplitude decreases with the duration.
